The ozone variation characteristics and the impact of synoptic and local meteorological factors in North 17
μg m -3 year -1 , and the three most highly-polluted months were June (149 μg m -3
), May (138 μg m -3 ) and 21
July (132 μg m -3 ), which was closely related to synoptic circulation variations. Twenty-six synoptic 22 circulation types (merged into 5 weather categories) were objectively identified using the Jenkinson method. The highly-polluted weather categories included S-W-N directions, LP (low-pressure 24 related circulation patterns) and C (cyclone type), and corresponding domain-averaged MDA8 O3 25 concentration were 122, 126 and 128 μg m -3 , respectively. Based on the frequency and intensity changes 26 of synoptic circulations, 39.2% of the inter-annual domain-averaged O3 increase from 2013 to 2017 was 27 attributed to synoptic changes, and intensity of synoptic circulations was the dominant factor. Using 28 synoptic classification and local meteorological factors, the segmented synoptic-regression approach was 29 established to evaluate and forecast daily ozone variations on an urban scale. The results showed that 30 this method is practicable in most cities, and that the dominant factors are the maximum temperature, 31 southerly winds, relative humidity in the previous and in the same day, and total cloud cover. Overall, 32 43~64% of the day-to-day variability of MDA8 O3 concentrations was due to local meteorological 33 variations in most cities over North China, except for QHD~32% and ZZ~25%. Our quantitative 34 exploration on synoptic and local meteorological factors influencing both on inter-annual and day-to-day 35 ozone variations will provide the scientific basis for evaluating emission reduction measures, since the 36 national and local governments have implemented a series of measures to mitigate air pollution in North 37
China in these five years. 38
Introduction 39
Tropospheric ozone (O3) is one of the air pollutants of the greatest concern due to its significant harm to 40 human health and vegetation (Kinney, 2008; Jacob and Winner, 2009; Knowland et al., 2017) , and it is 41 formed through the nonlinear interactions between NOx and volatile organic compounds in combination 42 with sunlight (Liu et al., 2007; Liu et al., 2012) . Thus, ozone levels are controlled by precursors and 43 meteorological conditions. With industrialization advancement and rapid economic growth, North China 44 is one of the most populated and most polluted regions in the world. Although the national and local 45 governments have implemented a series of measures to reduce emissions since 2013, PM2.5 decreased 46 significantly, whereas O3 pollution is still serious in this region (Lu et al., 2018; Li et al., 2019) . Several 47 four measurement (scalar averaging for most factors, whereas vector averaging for wind speed and wind 124 direction which means using u component (U) and v component (V) for averaging). The meteorological 125 station with a minimum distance from the city center was chosen. 126
Lamb-Jenkinson circulation typing 127
The Lamb-Jenkinson weather type approach (Lamb, 1972; Yarnal, 1993; Trigo and Dacamara, 2000; 128 Demuzere et al., 2009; Russo et al., 2014; Santurtún et al., 2015; Pope et al., 2016; Liao et al., 2017) was 129 widely employed to classify the synoptic circulation, which uses coarsely gridded pressure data on a 16-130 point moveable grid where North China is set as the center. The 16-point grid, North China and 58 major 131 cities are shown in Fig. 1a . The daily mean sea level pressure data are averaged among four time points 132 to determine the daily weather type. The detailed classification procedure can be found in Trigo and 133 Dacamara (2000) . 134
Reconstruction of O3 concentration based on the synoptic classification 135
To quantify the interannual variability captured by the surface circulation pattern variations, Comrie and 136 Yarnal (1992) suggested an algorithm to separate synoptic and non-synoptic variability in environmental 137 data, by multiplying the overall mean value of a particular pattern by the occurrence frequency of that 138 type of year, the climate signal could be obtained as follows: 139
(1) 140
Here O 3 m ̅̅̅̅̅̅ ̅̅̅̅̅̅ (fre) is the reconstructed mean MDA8 O3 concentration influenced by frequency changes of 141 circulation patterns during April-October for the year m, O 3k ̅̅̅̅̅ is the 5-year mean MDA8 O3 142 concentration per circulation pattern k, and Fkm is the occurrence frequency of circulation pattern k 143 during April-October for the year m. 144 Hegarty et al. (2007) suggested that variations in the circulation pattern are attributed not only to 145 frequency changes but also to intensity variations, and that considering these two changes can better 146 separate environmental and climate-related contributions in the inter-annual ozone variation. As a result, 147
Equation (1) and intensity changes of circulation patterns during April-October for the year m, ΔO 3km is the modified 151 difference which is on the fitting line, obtained through a linear fitting of the annual MDA8 O3 152 concentration anomalies (ΔO 3 ) to the circulation intensity index (CII) for circulation pattern k in the year 153 m. ΔO 3km represents the part of annual observed ozone oscillation caused by the intensity in each 154 circulation pattern. Hegarty et al. (2007) used the domain-averaged sea level pressure (mslp) representing 155
CII. 156
To better characterize intensity variations, we added 5 circulation intensity indexes: the difference 157 between the highest pressure and lowest pressure (gradient), the center pressure of the highest pressure 158 system (max slp), the center pressure of the lowest pressure system (min slp), the distance from the 159 highest pressure centres to the study city (dis max), and the distance from the lowest pressure centres to 160 the study city (dis min). The effective circulation intensity index (ECII) is one of the 6 CIIs, which has 161 the strongest correlation coefficient (r) between CII and ΔO 3 . Thus, ECII is used in equation (2) to 162 calculate ΔO 3km . All CIIs for 14 cities were calculated based on 10°×10° grids covering North China 163 (32°N-42°N, 110°E -120°E ). One example of ΔO 3km (circulation pattern C in ZJK) is shown in Fig. 7a . 164
Min slp has the largest r (-0.97) among 6 CIIs in type C in ZJK, therefore, min slp is the ECII. 165
The segmented synoptic-regression approach and model validation 166
The utilization of a segmented synoptic-regression approach could aid in minimizing the errors when 167 using linear regression to model a nonlinear relationship and effectively forecast ozone variation 168 (Robeson and Steyn, 1990; Liu et al., 2007; Demuzere and van Lipzig, 2010; Liu et al., 2012 . The 181 spatial distribution of the averaged MDA8 O3 concentration (Fig. 1b) and exceedance ratio (Fig.1c) , and 182 detailed information in the 58 cities (Table S1 ), show a severe ozone pollution problem during the recent 183 five years in North China. The domain-averaged MDA8 O3 concentration for 58 cities was 122±11 μg 184 m -3 with an increasing rate of 7.88 μg m -3 year -1 and exceedance ratio was 22.2±8.2%. Notably, the most 185 polluted cities are concentrated in Beijing, the southeast of Hebei and the west and north of Shandong, 186 where the averaged MDA8 O3 concentration was 130±9 μg m -3 and exceedance ratio was 27.9±7.2%. 187
The daily evolution of MDA8 O3 concentrations during 2013-2017 in 14 cities (Fig. 2a) indicates 188 periodical, consistent and regional characteristics for ozone pollution. The most highly-polluted periods 189 are from mid-May to mid-July. Especially in 2017, the frequency and level of ozone pollution increased 190 significantly, and regional persistent ozone pollution events increased. The rate of the MDA8 O3 191 concentration increase during 2013-2017 was 0.87 μg m -3 month -1 (Fig. 2b) , and this growth was 192 accompanied by a decreasing trend of the PM2.5 concentration (Fig. S1 ). The reduction of the particle's 193 extinction for sunlight due to the declined PM2.5 concentration can lead to an increase in radiation 194 reaching the ground; in addition, Li et al. (2019) suggested that decrease of PM2.5 slowed down the 195 aerosol sink of hydro-peroxyl (HO2) radicals and thus stimulated ozone production. Thus, the rise in 196 ozone is partly due to the decline in PM2.5. Overall, the annual domain-averaged MDA8 O3 197 concentrations for 58 cities were 102, 109, 116, 119 and 136 μg m -3 in 2013, 2014, 2015, 2016 and 2017, 198 respectively (Fig. 3a) . The exceedance ratios for all cities were found to be 12. 9%-19.4% during 2013 to 199 2016, but reached 31.1% in 2017. 200 The monthly-mean MDA8 O3 concentrations (Fig. 3b) from April-October were 112, 138, 149, 132, 201 124, 117 and 75 μg m -3 , respectively, and the corresponding exceedance ratios were 9. 4, 30.1, 41.1, 26.1, 202 20.3 20.1 and 3.3%. The highest domain-averaged MDA8 O3 concentration and exceedance ratio 203 occurred in June, followed by May, July, August, September, April and October. Meteorological 204 conditions led to high ozone concentrations in June, and monsoon circulation in July and August resulted 205 in cloudy, rainy and less radiation in the study area (Wang et al., 2009b; Tang et al., 2012) . The higher 206 ozone concentrations in April compared with October could be associated with strong winds, resulting 207 in ozone downward transport due to the lower stratosphere folding mechanism (Delcloo, 2008; Demuzere 208 et al., 2009; Tang et al., 2012) . Remarkably, the conclusion is different from Tang et al. (2012) . The 209 domain-averaged MDA8 O3 in May was even higher than in July, the concentrated pollution episode 210 occurred earlier, especially in 2017. The second half of May was the most polluted period and the 211 exceedance ratio was 46.1%, which is higher than those observed in the first half of June (39.5%), the 212 second half of June (45.4%) and the first half of July ( The occurrence ratios of 5 weather categories were 25.4%, 26.5%, 12.5%, 17.5% and 18.1% in all 1070 242 days, respectively. The predominant local meteorological conditions associated with a specific weather 243 category play an important role in ozone pollution, influencing ozone photoreaction or its regional 244 transport. The statistical values of averaged MDA8 O3 concentration, frequency of circulations and 245 meteorological variables are depicted in Table 1 and Fig. 5 . Briefly, the N-E-S direction and A categories 246 were typically associated with cool and wet air, moderate rain and TCC, low BLH, as well as relative 247 clean air masses from the region of the inner-Mongolia/eastern ocean ( Fig. S3 ), which is unfavourable 248 for ozone formation, and the corresponding area-averaged MDA8 O3 concentration were 98±6 μg m -3 249 and 96 μg m -3 , respectively. The S-W-N direction category with moderate T and BLH, lower RH, weak 250 wind, sporadic clouds and rain, and stronger subsidence in low troposphere contributed to higher ozone 251 levels (122±8 μg m -3 ). The highest ozone concentrations (126±16 and 128 μg m -3 ) were related to LP and 252 C categories, respectively, which can probably be attributed to favourable meteorological conditions (hot 253 and humid air, a small amount of TCC and rainfall, and high BLH) for ozone formation and transport. 254
However, CE and CSE are different from the other circulation types in the LP category, with lower O3 255 concentration due to lower temperatures and easterly winds from the ocean. Overall, the peak values of 256 ozone always occurred in the front of the cold frontal passage or cyclone (most circulation types in LP, 257 and C), whereas the valley values exhibited during or after the cold frontal passage (most circulation 258 types in the N-E-S direction, C with heavy rainfall and CE). 259
Spatial distributions of the 26 circulation types/five categories 260
The spatial distribution of the averaged MDA8 O3 concentration under different weather types is shown 261 in Fig. 6 , and Figs. S3-S7 display the spatial distributions of the combined wind field with BLH, 262 maximum temperature (Tmax), RH, rain and TCC, respectively. In most cities, the lowest MDA8 O3 263 concentrations occurred in the weather categories N-E-S direction and A. The S-W-N direction category, 264 having predominantly southerly winds in the whole or south of North China, exhibited a high-value 265 ozone along with the prevailing wind direction. The LP and C weather categories, having the highest 266 regional averaged levels, were associated with high Tmax and strong southerly flow, moderate RH and 267 ample sunshine, which provides favourable meteorological conditions for ozone formation as well as 268 ozone and its precursors transport from the polluted area. circulation changes (frequency and intensity) to the inter-annual variability of ozone will be discussed in 277 Section 3.3. 278
Affected by monsoon circulation systems, the frequencies of weather types vary dramatically on a 279 monthly scale (Fig. 3b) . The frequencies of both N-E-S direction and A decrease gradually in spring, 280 whereas the frequencies of the S-W-N direction, LP and C gradually increase. In autumn, the frequencies 281 of LP and C decrease, whereas those of S-W-N direction, N-E-S direction and A increase. The weather 282 categories C and LP dominate in summer. The high-ozone weather categories (S-W-N direction, LP and 283
These frequencies were highest in July, Jun, and May, which probably resulted in highest monthly-285 averaged regional ozone concentrations. However, due to the influence of monsoon circulation in July, 286 large amounts of rainfall occurred during this month: 73 out of 194 days during the 5 years were rainy 287 in category C, which reduced ozone levels. Notably, severe ozone pollution in May and especially in the 288 second half of May in 2017 is closely related to abnormally high frequency under the control of most-289 polluted synoptic categories (LP and C), account for 35.5% in 31days and 50.0% in 16 days, respectively 290 (Table S2 ). With the development of Siberian high from August to October, the weather categories N-291 E-S direction and A occurred frequently, and monthly-averaged ozone concentrations declined. 292
Effects of synoptic changes on the inter-annual ozone variations 293

Effect of circulation intensity on inter-annual ozone variations 294
The pressure fields for 26 synoptic types per year during 2013-2017 (Fig. S6) show that every synoptic 295 circulation type varies in both of frequency and intensity. The intensity of circulation variations indicates 296 the difference of the center pressure, the location of predominant system, pressure gradient, and domain-297 averaged sea level pressure. There were different correlations between ECII and ΔO 3 (as introduced in 298 Section 2.4) in different circulation types for different cities. For instance, the strong negative correlation 299 between these two variables for the circulation type C in ZJK (Fig.7a) indicates that lower values of min 300 slp were associated with higher MDA8 O3 concentrations. 301
The number of cities and averaged r according to corresponding ECII under each circulation type 302 among 14 cities are shown in Fig.7b . Overall, the averaged absolute value of r was 0.74. For the 303 circulation type C, ΔO 3 correlated with min slp best in 9 of the cities, and the averaged r was -0.81, i.e. 304 a strong negative correlation. A strong negative correlation between ΔO 3 and pressure gradient is 305 evident for the circulation type N, whereas an opposite pattern occurs for circulation types CSE and CS. 306
The reasons for this difference are as follows. Northerly winds are prevailing for type N, and a high 307 pressure gradient means strong northerly winds bringing clean air mass from the north, which results in 308 a decrease in the MDA8 O3 concentration. However, high temperatures and RH as well as prevailing 309 southerly or easterly winds (Fig. S3-5 ) occur in southern cities in type CSE or CS. In addition, the 310 abundance of precursors and ozone in the upwind region facilitate ozone formation and transport with 311 the increasing pressure gradient (wind speeds). 312
Even under the same circulation controls, the ECII and the value of r in different cities are different. 313
This phenomenon is caused by the differences of geographic location, topographic discrepancy, and the 314 properties of the upwind air mass, etc. Therefore, under the control of same circulation type, the ECII of 315 adjacent cities is the same. 316
Quantifying the effects of the inter-annual synoptic changes on the inter-annual ozone 317 variations 318
Based on equations (1) and (2), we reconstructed the inter-annual ozone levels by taking into account 319 either frequency-only or both frequency and intensity variations of synoptic circulations, which are 320 O 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre) and O 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre + int), respectively. The difference between maximum and minimum annual 321 reconstructed ozone is labelled as ΔO 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre) and ΔO 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre + int), respectively. ΔO 3 _obs is different 322 between maximum and minimum for annual observed O3 concentration. Thus, the contributions of inter-323 annual variability in O3 influenced by frequency-only and by frequency and intensity variation ofsynoptic circulation are ΔO 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre)/ΔO 3 _obs and ΔO 3m ̅̅̅̅̅ ̅̅̅̅̅ (fre + int)/ΔO 3 _obs, respectively, which 325
indicates the inter-annual ozone levels oscillation caused by synoptic variability. 326
The observed and reconstructed (influenced by frequency-only and by frequency and intensity 327 variations of synoptic circulations) inter-annual MDA8 O3 levels for 5 years in 14 cities and the whole 328 region are shown in Fig. 8 
Forecasting O3 levels using a segmented synoptic-regression approach 345
Based on five weather categories defined in section 3.2.1, a segmented synoptic-regression analysis 346 approach (introduced in section 2.5) was established to construct the ozone potential forecast model. The 347 results of segmented synoptic-regression analysis in 14 cities, i.e. the daily MDA8 O3 potential forecast 348 equations for each category in each city, are shown in Table S3 . Table 2 diffusion. In addition, TCC is also a key factor. 361
Three statistic factors (R 2 , rmse, and CV) for building and validation datasets for 5 weather categories 362 and composite model in 14 cities (Table S4) indicated that the potential forecast equations of MDA8 O3 363 in most cities are acceptable. R 2 was higher than 0.50 except for QHD, SJZ, HD and ZZ (0.27-0.46), 364 while CV was lower than 40%, except for TY and ZZ. For the validation dataset, scatter plots of predicted 365 versus observed MDA8 O3 concentrations in composite validation datasets in each city are shown in Fig.  366 9. The results reveal that most of the validation data are in the acceptable error range within the 2:1 and1:2 ratio lines, and the scatters are distributed evenly around the 1:1 line. This also indicates that the 368 segmented synoptic-regression approach is practicable to construct the ozone potential forecasting model 369 in most cities in North China. 370
In addition, the contribution of local meteorological factors to the day-to-day variation of ozone can 371 be evaluated by the explained variance (RE 2 ) calculated from the synoptic-regression-based models (Hien 372 et al., 2002; Wang et al., 2009a) . Overall, as shown in Fig. 9 , local meteorological parameters could 373 explain 55-64% and 43-49% of the day-to-day MDA8 O3 concentration variations for the north cities 374 (except for QHD, 32%) and south cities (except for ZZ, 25%), respectively. 375
In brief, the aforementioned results can provide references for daily MDA8 O3 prediction for each city 376 and facilitate understanding and cognizing the impact of local meteorology on daily ozone variation on 377 urban scale. 378
Conclusions 379
In this study, we demonstrated inter-annual/monthly variation in the surface MDA8 O3 concentration in 380
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The suffix lag means the meteorological factors from the previous day. 
